Background: Available methods for screening anterior cruciate ligament (ACL) injury risk are effective but limited in application as they generally rely on expensive and time-consuming biomechanical movement analysis. A potentially efficient alternative to biomechanical screening is skilled movement analysis via visual inspection (ie, having experts estimate injury risk factors based on observations of athletes' movements).
Female athletes are approximately 3 times more likely to rupture their anterior cruciate ligament (ACL) compared with their male counterparts. 39 Younger athletes (aged 15-25 years) participating in landing and cutting sports such as basketball and soccer are at greatest risk for noncontact ACL injury. 13 This elevated risk coupled with a nearly 2-fold increase in female sports participation over the past 30 years 20, 34 has led to a rapid increase in the prevalence of ACL injuries in women ('1 injury per 20 individuals during a sports season). 39 The cost of ACL surgery has been shown to be approximately US$5000, which does not include postoperative rehabilitation or lost time from work or sport. 33 In the United States alone, the annual cost of ACL injury likely exceeds US$3 billion. 21 Additional consequences of ACL injury include time out of sport or school, scholarship loss, risk for reinjury, and increased risk for osteoarthritis. 3, 23, 47 Interestingly, most ACL injuries in female athletes occur in a noncontact situation 1, 22 and are likely preventable, 15 especially in young athletes. 32 Neuromuscular training reduces the relative risk for noncontact ACL injury by 73.4%. 41 Unfortunately, 108 individuals must participate in training to prevent a single injury. 41 The time commitment involved in training this number of individuals is nontrivial. Moreover, athletes at high risk for ACL injury are more responsive to adaptations associated with prevention techniques including physical training. 28 Administering nontargeted prevention programs to low-risk athletes may reduce the efficiency and focus of time and resources. If training instead targeted high-risk athletes, the number of individuals needed to train to prevent an injury could be significantly reduced.
Methods for screening ACL injury risk factors have been identified and developed for high school-age (15-19 years) female athletes using prospective 3-dimensional (3D) biomechanical analysis procedures 14 as well as a more cost-effective nomogram approach. 30, 31 The simplistic assessment approach used in the ACL nomogram represents considerable progress in the development of cost-effective, efficient screening tools. Central to the current investigation, the focus on assessment simplicity could, theoretically, be leveraged to produce even simpler, less expensive, yet valid assessment tools based on observational movement diagnostics.
Visual inspection or observational movement diagnosis is one alternative screening method that would reduce overall injury prevention time and cost. i Unfortunately, the accuracy and consistency of observational assessment of ACL injury risk are poorly understood. Previous research has demonstrated that physiotherapists ii are able to observationally assess specific variables purported to be associated with ACL injury risk. 7, 35, 40, 44, 45 However, these variables have not been supported by evidence from longitudinal prospective studies of ACL injury risk. In addition, the skill of observational injury risk estimation has not been assessed in other populations who may benefit from or commonly use this skill (eg, coaches, athletes, parents, athletic trainers, strength and conditioning coaches, medical doctors). Because individual differences in observational ACL injury risk estimation likely exist, a test quantifying ACL injury risk factor assessment skill could inform individuals about their level of proficiency and serve as a foundation for justifying the use of simple observation as a valid screening method. Therefore, the purpose of the current study was to develop a quick, robust, reliable, and valid test of ACL injury risk estimation skill: the ACL Injury Risk Estimation Quiz (ACL-IQ).
METHODS
To develop and validate the ACL-IQ, we performed item sampling, item reduction, reliability analysis, out-of-sample cross-validation, and convergent/discriminant validity analysis as outlined below.
Participants
Data were collected on a total of 660 individuals throughout the test development and validation process. Various exercise science professionals (eg, physical therapists/ physiotherapists, athletic trainers, strength and conditioning coaches, exercise science students, sports medicine researchers, and physicians) participated in the ''exercise science'' group (n = 269). Additionally, individuals from the general population, such as sport coaches, athletes, parents, and others who are not exercise scientists, participated in the ''general population'' group (n = 391). The majority of the general population members were recruited from a paid webpanel service provided by Amazon's Mechanical Turk. This internet sample tends to be demographically diverse and more representative of the general US population than traditional university participants (see Paolacci et al 36 ) but is slightly younger and more educated than the general population. This internet sample was limited to individuals located in the United States and an approval rating greater than 85% (ie, individual work must be approved by the requester before payment). Specific occupational/subgroup information about the participants is described in Table 1 .
A summary of the various samples used in the test development and validation is depicted in Figure 1 .
Procedures
The Cincinnati Children's Hospital Medical Center and Michigan Technological University Institutional Review Boards approved the study procedures. The study was fully computerized and hosted online. The study was not compatible with mobile devices and, therefore, was limited to laptop or desktop computers.
Item Sampling. Female athletes participating in landing and cutting sports are at the greatest risk for noncontact ACL injury compared with their male counterparts. 1, 2, 6, 16 Accordingly, initial items/stimuli consisted of a sample of 20 video clips of female athletes performing a drop vertical jump ( Figure 2 ; see also the Video Supplement). The athletes featured in the videos participated in landing and cutting sports and also served as the participants for the development and validation of the clinical ACL nomogram [29] [30] [31] (mean 6 SD: age, 15.9 6 1.3 years; height, 163.6 6 9.9 cm; body mass, 57 6 12.1 kg). The athletes featured in the video stimuli were also demographically similar to individuals investigated in an initial prospective injury risk factor study (age, 16.0 6 1.35 years; height, 165.9 6 6.4; body mass, 60.3 6 8.2 kg). 14 The 20 candidate video stimuli items also depicted athletes who have a wide and representative range of injury risk values (ie, knee abduction moments from very low to very high).
Risk Estimation. Participants viewed brief videotaped clips of athletes performing a drop vertical jump and were asked to estimate the risk for future ACL injury on a 10-point scale ( Figure 2 and Video Supplement). The videotaped clips were approximately 3 seconds in length, and participants watched them only once (in real time) before being asked to assess injury risk. ACL injury risk was estimated using concurrent 3D biomechanical analysis of peak knee abduction moment, 30 which was linearly transformed on a 1 to 10 scale to quantify judgment accuracy. Individual items were scored by calculating the difference in score between the subjective rating and biomechanical criterion (ie, absolute value of the subjective rating score minus the biomechanical criterion score), thus representing judgment error. For example, if an individual rated the video clip as 4 ''risk'' and the criterion ''risk'' was 7, the error score was 3 (absolute value of (4 -7) = 3).
Item Reduction. An initial sample of 213 individuals was used to select optimal items (171 in the general population and 42 in the exercise science groups). Based on constraints of the scale type, such as the 1 to 10 rating system, the current analysis used a hybrid approach to item analysis and reduction. Specifically, we used an item response theory-inspired, modified classic test theory item analysis (for a related approach using decision trees, see Cokely et al 4 ). Our analyses examined individual item performance across 3 dimensions: difficulty, discriminability, and guessing. Difficulty was examined by calculating the average judgment error for each item across all individuals (eg, larger values indicated greater error and thus greater difficulty). Discriminability for each item was calculated as the standardized mean difference in judgment error between the exercise science professionals and general population individuals for each item. The guessing parameter is directly related to the item's known location on the scale (ie, the criterion injury risk category). The likelihood of obtaining a ''correct'' answer is greater for items near the middle of the scale (ie, 5). Thus, selecting items toward the ends of the scale should reduce the potential benefit of anchoring on any single rating. Guessing performance was analyzed using Monte Carlo simulations of 10,000 ''pseudorandom'' test performances. For each item in the test, an integer (1-10) was drawn from a standard normal distribution. Test performance was computed and averaged across the 10,000 iterations to estimate ''chance'' or guessing performance for each individual item and for overall test performance. Theoretically, the goal was to select items to represent a wide range of difficulty with a maximum degree of discriminability, while equally sampling from the full range of the scale to reduce artificial test score inflation resulting from any anchoring bias or guessing effect.
Six candidate tests ranging from 7 to 5 items (ie, video clips) were constructed and evaluated based on their various psychometric properties such as range, difficulty, discriminability, and guessing. All candidate tests were found to be sufficiently difficult-no individual attained perfect performance (ie, average peak performance across all candidate tests was 88%). The 7-and 6-item tests continued to display some moderate potential for anchoring bias such that an anchoring strategy (eg, selecting a risk rating of ''5'' for all items/clips) would result in better than chance performance. Thus, all 7-and 6-item tests were excluded from further consideration. Both 5-item tests reduced the test bias associated with the anchoring strategy (anchoring and chance were within 2 raw points or 6%). Additionally, both 5-item tests showed considerable similarity across guessing, anchoring, and central tendency variables (ie, guessing, 52%; anchoring, 58%; mean, 55%; median, 57%). Both 5-item tests also displayed similar difficulty values; however, the 5A-item test exhibited a 13% improvement in discriminability values compared with the 5B-item test (ie, a difference of 0.24 standard deviations). The 5A-item test also exhibited a wider range of scores despite maintaining similar discriminability values. The two 5-item tests differed on only 1 of the 5 items. Specifically, the 5A-item test included a more difficult item that replaced a moderately difficult item in the 5B-item test. Overall, results based on the hybrid item analysis indicated that the 5A-item test offered a highly desirable psychometric profile for all essential test-performance variables. Thus, the 5A-item test was chosen as the final ACL-IQ.
Item Reduction, Internal Consistency, and Cross-Validation

Convergent/ Discriminant Validity and Cross-Validation
Test-Retest Reliability
Reliability Analysis. Internal consistency was assessed on the 213 individuals previously used for item reduction (general population, n = 171; exercise science, n = 42) by quantifying judgment consistency error on repeated assessment of 5 different video clips (ie, the absolute value of the first subjective rating minus the second subjective rating of the same clip). In addition, test-retest reliability analysis was conducted by administering the final ACL-IQ to a separate sample of 19 individuals (sample 3) on 2 occasions separated by approximately 9 days. Test-retest correlation coefficient and typical error were quantified. 18, 19 Cross-validation. The initial sample used for test development was composed of a limited number of exercise science/sports medicine personnel (ie, 42), resulting in some risk for sample and thus test bias. Therefore, after the initial sample of 213 individuals used to select optimal items (sample 1: 171 general population and 42 exercise science), an additional 428 individuals (sample 2: 214 general population and 214 exercise science) completed the ACL-IQ. Betweengroup discriminability results (Cohen d), peak performance, and range were compared between samples to ensure that the ACL-IQ demonstrated consistent discriminability and difficulty in a larger representative sample.
Convergent/Discriminant Validity. To the extent that the ACL-IQ measures an acquired skill at predicting ACL injury risk, rather than a more general ability, test performance should be related to domain-specific factors such as ACL knowledge (ie, knowledge about location, function, and risk factors for ACL injury) and specific strategies or cues used in risk assessment such as medial knee motion, landing stiffness, and limb asymmetry. Test performance should not be related to domain-general measures of mental (ie, cognitive) capacity such as general intelligence, decision-making ability, or spatial reasoning ability. After completing the ACL-IQ, participants answered 11 ACL knowledge questions related to location, function, and risk factors for injury (see the Appendix, available online at http://ajsm.sagepub.com/supplemental). Additionally, the perceived utility of specific information cues that might aid in a participant's risk assessment, henceforth, cue utility, was elicited through a brief survey in which participants rated (on a 1-10 scale) the importance of specific visual cues (ie, knee motion, hip motion, trunk motion, landing stiffness, height, weight [see the Appendix]). Subjective rating of cue utility has been used in other expertise studies such as the feature discrimination task. [24] [25] [26] 46 To estimate the potential relationship of general cognitive abilities to overall test performance and, specifically, to assess discriminant validity, participants completed the Berlin Numeracy Test (BNT). The BNT has been extensively validated for assessment of statistical numeracy and risk literacy, which is the ability to accurately interpret and make good decisions based on information about risk. 4 Theoretically, it is also possible that domain-general spatial abilities help determine observational movement analysis performance (eg, ACL-IQ performance). Hence, the 24-item Mental Rotation Test (MRT-A) was administered to examine this possibility. 37, 42 Finally, to add further discriminant validity evidence and to examine potential test bias related to ACL-IQ scores, personality was assessed using the 10-item Big Five. 12 Clinical Standard Comparison. The ACL-IQ scores can be transformed into practical meaning by simply Vol. 43, No. 7, 2015 Assessing the ACL-IQ 1643 subtracting the score from 38 (maximum points) and dividing by 5 (number of items or video clip). This value represents the average deviation from the criterion on any given video clip or test item. For example, if an individual scored a 28, his or her average absolute error would be 2.00 ([38 -28]/5), meaning if a video clip was presented with a criterion risk value of 5 (on the 1-10 point scale) (Figure 2) , this individual would, on average, be within 62 of the criterion or between 3 and 7. A mean error of 2 may seem unacceptable to some, but if the purpose of identifying the ACL injury risk level of an athlete (ie, screening) is to decide on an appropriate intervention (eg, feedback, training), the athlete may only need to be classified into a ''high'' or ''low'' risk group. Given the small number of items (ie, 5), an alternative to standard signal detection analysis can be used to compare ACL-IQ scores with high/low risk classification accuracy. If we classify the risk level of an athlete at greater than 5 (on the 10-point scale) as ''high'' risk, we can determine the number of judges who correctly classified all 5 athletes (video clips or test items) into either ''high'' (ie, above 5) or ''low'' (ie, 5 or below) risk categories. iii The ACL nomogram can also produce an ACL-IQ score, which can be used as a clinical benchmark for comparison with an individual's observational judgments. iv
RESULTS
Reliability Analysis
Initial internal consistency results revealed that the majority of individuals showed a high level of consistency in their judgments (ie, the absolute consistency error was 1.09), although exercise science professionals showed slightly higher levels of consistency (mean absolute consistency error 6 SD: exercise science professionals, 0.83 6 0.45; general population, 1.15 6 0.78; Cohen d = 0.45). Specifically, for a repeated trial, the average expected deviation on the second rating was 0.83 (on a 10-point rating scale) for the exercise science group. An absolute consistency error value 1.00 will likely not influence injury risk estimation if fewer categories were used (ie, from 10 to 3) which may best represent decision or intervention points. Moreover, 76% of the exercise science professionals displayed absolute consistency error values at or below 1.00, compared with 54% of the general population group. Table 2 describes the test-retest characteristics of the ACL-IQ. Despite the high test-retest correlation coefficient (r = 0.90), a small mean difference (1.53 points) was displayed between test sessions. The mean difference was small, within the 90% typical error range (0-2.11) and similar to internal consistency estimates in a previous sample of 213 (1.09). The typical error represents the amount the score may vary on a repeated test performance. For example, if someone scored 30 out of 38 (ie, 8 error points) on the first ACL-IQ, there is a 90% probability that his or her score on a repeated performance would be between 28 and 32 (typical error 3 1.65 = 2.11). Thus, based on this typical error profile, it is highly unlikely that this statistically significant difference of 1.53 is clinically meaningful.
Cross-validation
Range and average measures of ACL-IQ scores from sample 1 (171 [80%] general population and 42 [20%] exercise science), and sample 2 (214 [50%] general population and 214 [50%] exercise science) are presented in Table 3 . No statistically significant difference in effect size (Cohen d) was noted between the 2 samples (z = 1.17; P = .24). The average score including all individuals in sample 1 was 63%, which was statistically different from all individuals in sample 2, likely due to the larger number of exercise science professionals in sample 2 (50% vs 20%). Similar to sample 1, no individual in sample 2 scored 100% correct. Additionally, subgroup (exercise science and general population) means between samples 1 and 2 were nearly identical, corroborating the discriminability evidence for the ACL-IQ.
Convergent/Discriminant Validity
Initial independent correlations between various factors and ACL-IQ are displayed in Table 4 . The factors displaying large associations with ACL-IQ performance (ie, r ! 0.40) were ACL knowledge, education level, and cue utility variables knee/thigh motion and jump height. Significant independent task-relevant cues included inward/outward knee/thigh motion and lateral trunk motion. Significant task-irrelevant cues included height and weight of the individual as well as jump height and jump alignment. Domain-general perceptual-cognitive abilities, although statistically significant, remained marginally associated with risk estimation performance (ie, r values \ 0.25). Additionally, personality characteristics displayed minimal or no association with ACL-IQ.
Clinical Standard Comparison
Overall, 20% of the total sample classified all 5 video clips into correct ''high'' and ''low'' risk categories. Group-wise, 35% of exercise science professionals and 4% of the general population group classified all 5 video clips into correct ''high'' and ''low'' risk categories. The average ACL-IQ for these individuals with 100% 2-category classification accuracy was 31.18 (6.81 error points, mean error of 1.34, or 82% correct). When transformed into 1 to 10 categories, the ACL nomogram demonstrated 8 error points (ACL-IQ score of 30, or 79% correct). Overall, 23% of the total sample performed better than or equal to the ACL nomogram. Group-wise, 40% of exercise science professionals and 6% of the general population group performed better than or equal to the ACL nomogram.
DISCUSSION
This investigation developed and assessed the psychometric properties of a test designed to evaluate observational ACL injury risk factor estimation ability (ACL-IQ). The results revealed that the ACL-IQ is an efficient, robust, and reliable research tool. Additionally, convergent/ discriminant validity evidence was established demonstrating that the ACL-IQ assessment works well because it conforms with current theories of expertise where domain-specific factors and, importantly, judgment processes (eg, cue usage) contribute highly to describe superior performance. [9] [10] [11] 27 A more comprehensive analysis of the underlying performance mechanisms using structural and path (eg, mediation) modeling is warranted and will likely reveal that the demographic and domain-general factors associated with ACL-IQ will be mediated by ACL knowledge and cue utilities (E.J. Petushek, E.T. Cokely, P. Ward, G.D. Myer, unpublished data, 2014). 38 For example, the large association between education level and ACL-IQ is likely a function of greater ACL knowledge and cue utilization. Understanding the perceptual-cognitive mechanisms of performance will be important for developing training. Furthermore, cognitive process tracing methods such as verbal protocol analysis or eye-tracking can be used to reverse-engineer superior performance to optimize training and decision support tools. 4, 5, 8, 9, 17, 43 The collective clinical standards comparisons suggest that an ACL-IQ score of around 80% correct may be suitable for justifying the use of observation as a suitable screening method for ACL injury risk factor estimation. Moreover, 28% of the exercise science professionals and 3% of the general population had an ACL-IQ score at or above 80%. However, more data are needed to justify using observational screening, and, in particular, an appropriate signal detection analysis would reveal estimates of sensitivity, specificity, discriminability, and response bias that can be used to assess the efficacy of a screening approach (in addition to cost and time associated with the screening method and misses/false alarms).
Since there are limited data regarding the biomechanical risk factors for ACL injury, there is a great opportunity for future research to begin to understand whether skilled observation can be a suitable method for screening. Additional studies, prospective in design, are needed to assess the predictive validity for using the ACL-IQ to identify individuals who can predict ACL injury risk with suitable accuracy. A prospective injury risk study could be conducted by incorporating observational screening with appropriate training intervention and comparing injury rates with no screening or training everyone. Prospective studies are resource intensive and often require many years of data collection. To begin to understand whether observation can be used to assess ACL injury risk factors, a pseudoprospective study could be conducted using videotaped individuals (ie, drop vertical jump) who later went on to injure their ACL. Specifically, video clips of a representative sample of athletes could be shown to and rated by observers with various levels of ACL-IQ. Classification accuracy could then be established by comparing the observer ratings to actual outcomes (no injury/injury). This design would significantly reduce time and any ethical dilemmas associated with identifying injury risk level by unskilled individuals as well any confounding effects due to training. The goal would be to establish evidence that ACL-IQ scores are correlated with observers' classification accuracy (area under the receiver operating characteristic curve, sensitivity, specificity, etc) with actual injurious events.
CONCLUSION
The ACL-IQ is the first technology to assess individual differences in observational ACL injury risk factor estimating performance. This efficient tool demonstrated excellent psychometric properties. This work provides a foundation for future research investigating the degree to which simple observational screening can prevent ACL injuries. Further understanding of the underlying mechanisms of ACL-IQ can be used to develop training applications. The webbased platform at www.ACL-IQ.org enhances outreach and awareness and provides individualized feedback to professionals and the public. ACL-IQ.org is also a repository for continuous data collection and the future home of efficient training programs and decision support tools.
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A Video Supplement for this article is available in the online version or at http://ajsm.sagepub.com/supplemental. ii. There are subtle differences between a physical therapist and physiotherapist with regard to name ownership, professional organizations, duties, and accreditation. ''Physical therapist'' is the common title held in the US, whereas ''physiotherapist'' is the common title in UK/Australia and Canada and is likely the more recognized international term for this type of qualification. iii. Three of the 5 ACL-IQ items/video clips demonstrated high risk (knee abduction moments .41 NÁm) and 2 demonstrated low risk (knee abduction moments \17 NÁm). Previous research has used a knee abduction moment of 25 and 22 NÁm as a cut-point for high and low risk, respectively. iv. The video clips used in this study also had concurrent ACL nomogram assessment for only the left leg. Right and left leg knee abduction moment (estimated risk criterion) demonstrated a correlation coefficient of r(19) = 0.62.
